A high molecular mass protein of 680 kD was identified and purified from the isolated desmosomes in bovine muzzle epidermal cells. This protein, called "desmoyokin" (from the English, yoke) here, showed no binding ability with keratin filaments in vitro, and its molecule had a characteristic dumbbell shape '~,170 nm in length. We have succeeded in obtaining one monoclonal antibody specific to desmoyokin. By the use of this monoclonal antibody and antidesmoplakin monoclonal antibody, desmoyokin was shown to be colocalized with desmoplakin at the immunofluorescence microscopic level; desmoyokin occurred only in the stratified epithelium, not in the simple epithelium nor in the other tissues. At the electron microscopic level, these two proteins were clearly seen to be sorted out in the plaque of desmosomes with desmoyokin at the periphery and desmoplakin at the center of the disk-shaped desmosomal plaque, suggesting that these two plaque proteins play distinct roles in forming and maintaining the desmosomes in stratified epithelium.
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ONG the intercellular junctions are two categories
showing prominent interaction with cytoskeletons: adherens junctions and desmosomes (6, 8, 14, 24) . Actin-containing microfilaments and intermediate-sized filaments attach to adherens junctions and desmosomes, respectively, through their cytoplasmic dense plaques (undercoats). In the case of adherens junctions, no biochemical enrichment procedure has been available so far, and only quite recently has this type of junction been successfully isolated from rat liver (29) . In sharp contrast, through the use of bovine muzzle epidermis, an isolation procedure for desmosomes was established over the past decade, allowing us to systematically analyze the molecular organization of this type of junction in detail (5, 9, 22) . Desmosomal proteins identified so far are categorized into two groups: glycosylated and nonglycosylated. The glycosylated proteins, called desmogleins, include three polypeptides (DGI, -2, and -3, with molecular masses of 150, 110, and 22 kD, respectively), some of which are thought to be integral adhesion molecules in desmosomes (1, 4, 9, 12, 23, 25) .
The nonglycosylated proteins are constituents of desmosomal plaque and possibly link intermediate-sized filaments to the plasma membrane. Major desmosomal plaque proteins are desmoplakins I and II with molecular masses of 240 and 215 kD, respectively, which are biochemically very similar but have some distinct antigenic determinants (2, 11, 19) . Immunoelectron microscopic analyses have revealed that desmoplakins are really localized at desmosomal plaques with oriented arrays (7) . Another high molecular mass constituent of the desmosomal plaque is desmocalmin with a molecular mass of 240 kD, which is a calmodulin-and keratin filament-binding protein distinct from desmoplakin I biochemically and immunologically (28) . Two other proteins have been reported to be localized in the desmosomal plaque: band 5 protein (plakoglobin) (3) and band 6 protein (13). Interestingly, plakoglobin occurs not only in desmosomes but also in adherens junctions (3) .
So far little attention has been paid to desmosomal plaque proteins in the molecular mass range of >300 kD. However, in the SDS-polyacrylamide gel banding patterns of the isofated desmosomes, some unknown polypeptides with molecular masses >300 kD can be reproducibly identified. Considering that titin (connectin) (18, 32) and nebulin (31) , both with molecular masses >300 kD, are thought to play crucial roles in maintaining the structural integrity of myofibrils in skeletal muscle cells, it appears to be of great value to analyze the high molecular mass proteins of >300 kD in the desmosomal plaque. Here, we describe a new desmosomal plaque protein with a molecular mass of'~680 kD. Biochemical and immunohistochemical analyses have been performed, leading us to conclude that the single most characteristic feature of this protein is its distribution pattern in the desmosomal plaque. By virtue of its characteristic localization in the desmosomal plaque, this protein is tentatively called "desmoyokin" (for the English, yoke) in this study. berg (9) . All procedures were performed at 4"C. After the removal of stratum corneum from seven pieces of bovine muzzle with razor blades, stratum spinosum specimens were collected and soaked in citric acid/sodium citrate (CASC) buffer containing 0.05 % Nonidet p.z~. CASC buffer was composed of 0.1 M sodium citrate buffer (pH 2.6), 5 ~g/ml leupeptin, 5 ~g/ml pepstatin A. The slices of stratum spinosum were finely minced and then vigorously stirred in the above solution for 3 h. After the filtration of homogenate with nylon mesh, the filtrate was centrifuged at 20,000 g for 15 min. The pellet was suspended in CASC buffer containing 0.01% Nonidet P-40 and centrifuged at 500 g for 15 min. The centrifugation of the supernatant at 20000 g for 15 min resulted in a pellet enriched in desmosomes, which was used for partial purification of desmoyokin.
Partial Purification of Desmoyokin
All procedures were performed at 4°C. Desmosomal plaque proteins were extracted without denaturing agents from isolated desmosomes according to the method developed by Tsukita and Tsukita (28) , except for the replacement of 0.1 mM EDTA by 1 mM CHES (2-[cyclohexylamino] ethanesulfonic acid) (pH 10.0). After saturated ammonium sulfate was added to the extract up to 90% followed by stirring for 30 rain, the extract was centrifuged at 20000 g for 30 rain. The pellet was resuspended and dialyzed against buffer 1 for 24 h. Buffer 1 was made up of 20 mM Hepes (pH 8.0), 5 mM EDTA, 200 mM KCI, 0.5 mM phenylmethylsulfonyl fluoride, 1 #g/ ml leupeptin, and 1 #g/ml pepstatin A. After centrifugation at 100,000 g for 1 h, the supernatant was subjected to gel filtration on a column of Sepharose CL-2B(Pharmacia Fine Chemicals, Uppsala, Sweden), which had been equilibrated with buffer 1. Each fraction was analyzed by SDS-PAGE, and the fractions enriched in desmoyokin were pooled.
Low-angle, Rotary-shadowing Electron Microscopy
The molecular shape of desmoyokin was analyzed by low-angle, rotaryshadowing electron microscopy, mainly according to the method developed by Tyler and Branton (30) . The solution containing partially purified desmoyokin was sprayed onto freshly cleaved mica. The droplets on the mica were dried at room temperature in a vacuum (1 x 10 -6 torr) in JEOL freeze-etchequipment (JFD %000) for 10 min. Platinum was then rotaryshadowed at an angle of 5% followed by coating from above with carbon. The replica was floated off on distilled water and picked up on formvarfilmed grids. The samples were examined in a JEOL 1200 EX electron microscope.
Gel Electrophoresis and Molecular Mass Estimation of Desmoyokin
One-dimensional SDS-PAGE was based on the method of Laemmli (17) ; the stain Coomassie brilliant blue R-250 or silver staining (Wako silver-staining kit; Wako Pure Chemicals, Tokyo, Japan) was used.
For molecular mass estimation of desmoyokin, the SDS-PAGE system developed by Weber and Osborn (33) was used, and the relative mobility of desmoyokin was compared to that of cross-linked phosphorylase b (Sigma Chemical Co., St. Louis, MO).
High molecular mass, microtubule-associated proteins were obtained from bovine brain mainly according to the method of Shelanski et al. (21) . The cytoskeleton fractions containing "plectin" were prepared from C6 glioma cells according to the method of Pytela and Wichc (20) . C6 glioma cells were obtained from the Japanese Cancer Research Resources Bank (Tokyo, Japan).
Monoclonal Antibody Production
After electrophoresis of the extract from isolated desmosomes obtained from 12 bovine muzzles, the bands of desmoyokin were removed with a razor blade. Such bands were pooled, and desmoyokin was eluted electrophoretically. The eluted protein was precipitated by adding acetone, and the pellet was resuspended in 1 ml of distilled water. This solution was used as immunogen in vitro.
Monoclonal antibodies were obtained essentially according to the procedure of Kthler and Milstein (16) , except that the immunization was performed in vitro. The spleen was removed from a 7-wk-old BALB/c mouse, and the splenocytes were incubated with the above immunogen in the presence of 140 #g/ml N-acetylmuramyl-L-alanyl-D-isoglutamine for 4 d. The splenocytes were then fused with mouse P3 myeloma cells. 50% polyethylene glycol (PEG 4000; Merck and Co., Rahway, N J) in RPMI-1640 was used as the fusogen. The initial fusion products were plated in four 24-well plates in hypoxanthinedaminopterin/thymidine medium. 6 d after fusion, fusion plates were screened for antibody production on an ELISA assay. The crude extract from isolated desmosomes was used for ELISA assay.
The wells that showed positive activity were immediately expanded and then plated out at clonai density (1.2 cell/well) in a 96-well dish together with feeder cells (thymus lymphocytes). 1 wk after cloning, wells with a single clone were tested for antibody with a double screening of the ELISA and immunoblotting analyses. The clones that produced antibodies specific to desmoyokin were expanded and cloned again. The antibody-rich supernarant or ascites was used for immunoblotting and immunohistochemistry.
Immunofluorescence Microscopy
For indirect immunotiuorescence microscopy of frozen sections, samples were frozen using liquid nitrogen, and sections '~10-#m thick were cut in a cryostat, mounted on glass slides, air dried, and fixed in 95% ethanol at 4°C for 30 min and in 100% acetone at room temperature for 1 min. After being rinsed in PBS (150 mM NaCI, 10 mM phosphate buffer, pH 7.5) containing 1% BSA for 15 min, the sections were incubated with the first antibody (antidesmoyokin Yo-12086 IgM and/or antidesmoplakin IgG). Antidcsmoplakin monoclonal antibody was purchased from Boehringer Mannheim Biochemica (Mannhcim, FRG). They were then washed three times with PBS containing I% BSA and 0.1% Triton X-100, followed by incubation with the FITC-conjngated goat anti-mouse IgM and/or the rhodamine-conjngated goat anti-mouse IgG for 30 rain. After being washed in PBS again, they were examined with an Olympus fluorescence microscope (Vanox-S).
For indirect immunofluorescence microscopy of cultured cells, rat keratinocytes (FRSK cells obtained from the Japanese Cancer Research Resources Bank, Tokyo, Japan) were cultured on cover glasses and fixed with methanol at -20°C for 10 rain. After being washed with PBS, the cells were treated with 0.5% Triton X-100 in PBS for 15 min and washed three times with PBS. The samples were soaked in PBS containing 1% BSA for 10 min, and treated with the first antibodies (see above) for 1 h in a moist chamber. The samples were then washed with PBS containing 1% BSA three times, followed by incubation with the second antibodies (see above) for 30 rain. After incubation, the sample was washed with PBS three times and examined with an Olympus Vanox-S microscope.
lmmunoblotting
Immunoblotting was performed by one-dimensional electrophoresis, followed by electrophoretic transfer to nitrocellulose sheets. Nitrocellulose sheets were treated with antibody followed by horseradish peroxidase-labeled goat anti-mouse IgG (heavy and light chains) (Bio-Rad Laboratories, Richmond, CA), and the localization of peroxidase was detected by the reaction using diaminobenzidine in the presence of Ni and Co ions.
Immunoelectron Microscopy
Immunoelectron microscopy using ultrathin cryosections was performed essentially according to the method developed by Tokuyasu (27) and modified by Keller et al. (15) . Small pieces of bovine muzzle epidermis were fixed in 95% ethanol at 4"C for 30 rain. The fixed specimen blocks were infused with 2.3 M sucrose, rapidly frozen, and ultrathin sectioned in the frozen state using glass knives with a DuPont Co., Sorvall Instruments Die. (Newton, CT) ultramicrotome MT-2 equipped with the LTC-2 cr~attachment. The first antibodies used were antidesmoyokin mouse monoclonai antibody (Yo-12086, IgM) and/or antidesmoplakin mouse monoclonal antibody (IgG). As second antibodies (purchased from Janssen Pharmaceutica, Beerse, Belgium), goat anti-mouse IgM coupled to 10-nm gold (GAMIgM G10) and/or goat anti-mouse IgG coupled to 15-nm gold (GAMIgG GI5) were used. Finally, the samples were infused and embedded in LR White acrylic resin (London Resins Co., London, UK).
Results

Proteins in High Molecular Mass Range of Desmosomes
So far, it has been reported that desmoplakin I and desmocalmin (240 kD) arc the desmosomal plaque proteins with the highest molecular masses (19, 28) . However, close inspection of the electrophoretic banding pattern of the iso- (Fig. 1 A, lanes I and 2) . The addition of ammonium sulfate into the extract up to 90% saturation has mostly precipitated these bands, leaving the highest molecular mass polypeptide (Fig. 1 A, lane 3) . Careful analyses by the use of 4% polyacrylamide gels have confirmed that this highest molecular mass polypeptide can be reproducibly identified as a single band with a constant mobility (Fig. 1 B, lanes 1-3) . In this study, we have attempted to analyze the in vitro properties and in vivo distribution of this high molecular mass protein (desmoyokin) showing a single sharp band in the SDS-polyacrylamide gel.
Partial Purification of Desmoyokin
To investigate the in vitro characteristics of desmoyokin, we have partially purified this protein. By the treatment with low ionic strength and alkaline solution, desmoyokin was effectively extracted from desmosomes together with other desmosomal plaque proteins (Fig. 1, A and B, lanes 2) . After ammonium sulfate precipitation, the sample was applied to the gel filtration column, so that the fraction rich in desmoyokin was recovered in the void volume (Fig. 1, A and B, lanes 4). The major contaminant was the polypeptide with the molecular mass of 240 kD, which was recognized neither by antidesmocalmin nor by antidesmoplakin I antibodies.
At first, using this partially purified desmoyokin, its binding ability with keratin filaments was examined by cosedimentation experiments mainly according to the method used previously (28) ; the partially purified desmoyokin was mixed with the two-cycled keratin filaments (26) and incubated together followed by centrifugation. As a result, the cosedimentation of desmoyokin with keratin filaments was hardly detected irrespective of the presence of divalent cations.
Next, by the use of the low-angle, rotary-shadowing technique, the molecular shape of desmoyokin was analyzed (Fig. 2) . Desmoyokin molecules had a characteristic dumbbell structure ~170 nm long; the globular structures at both ends appeared to be distinct in diameter from each other. These dumbbell-shaped molecules occasionally appeared to aggregate with each other through end-to-end association.
Molecular Mass Estimation
When the molecular mass of desmoyokin was compared to that of plectin (34, 35) and the high molecular mass, microtubule-associated proteins in SDS-PAGE, the molecular mass of desmoyokin was much larger than that of these proteins ( Fig. 1 B, lanes 5 and 6) . Using cross-linked phosphorylase b as molecular mass marker, we have estimated the molecular mass of desmoyokin in the SDS-polyacrylamide gels. Since, in the gel system used here, each crosslinked phosphorylase b showed a semilogarithmic linear relationship between its relative mobility and molecular mass, the molecular mass of desmoyokin was estimated to be ,~680 kD (Fig. 3 ). 
Monoclonal Antibody Production
To obtain a monoclonal antibody specific to desmoyokin, the spleen cells from four BALB/c mice were immunized in vitro with the electrophoretically purified desmoyokin. After the first cloning, in the ELISA assay using the crude low salt extract of desmosomes, supernatants from eight clones were positive. Among them, only one supernatant, Yo-12086, was shown to be specific to desmoyokin in the immunoblot assay. This hybridoma was cloned twice by limiting dilution and grown as ascitic tumors in mice. Although BALB/c mice were also immunized in vivo with desmoyokin, no monoclonal antibody with specific reactivity to desmoyokin was obtained, suggesting that the antigenicity of desmoyokin is not so strong. Therefore, in this study, we have not attempted to Search further for hybridomas specific to desmoyokin; the in vivo distribution of desmoyokin was analyzed by the use of Yo-12086. In immunoblot analysis, this Yo-12086 monoclonal antibody specifically and sharply reacted with the band of desmoyokin in the crude extract of desmosomal plaque proteins (Fig. 4, A and B) . Furthermore, when the partially purified desmoyokin was transferred to nitrocellulose, only the band of desmoyokin was detected; the band with the molecular mass of 240 kD, the major contaminant, was not recognized (Fig. 4 C) .
Distribution of Desmoyokin at Light Microscopic Level
Using Yo-12086 monoclonal antibody, the frozen sections of some bovine tissues have been examined by immunofluorescence to study the distribution of the antigen. In the muzzle and tongue epidermis, intense labeling was detected at the boundaries of epidermal cells (Fig. 5) . Very occasionally the staining patterns were either short and linear or patchy, which might correspond to the cellular distribution of desmosomes. The boundaries between the basal layer of epidermal cells and connective tissues were not fluorescently stained, indicating that the desmoyokin did not occur at hemidesmosomes (Fig. 5 B) . When the tongue epidermis was doubly stained by the Yo-12086 and antidesmoplakin antibody, these two proteins were clearly shown to colocalize with each other (Fig. 5, Cand D) . In sharp contrast to epidermal cells, neither liver nor small intestine epithelial cells have been specifically stained by Yo-12086 (data not shown). Taking these findings together, it appears that desmoyokin is a desmosomal protein specific for stratified epithelial cells. Desmoyokin was detected neither in the cardiac muscle cells nor in the other junction-bearing but desmosome-negative tissues such as lens and aorta.
Next, using rat keratinocyte cell lines (FRSK cells), we further compared the distribution of desmoyokin with that of desmoplakin (Fig. 6 ). This type of cell showed a large number of desmosomes between cells, forming compact colonies at the appropriate cell density. At the central part of each colony, the staining pattern of desmoyokin was almost the same as that of desmoplakin (Fig. 6 , compare A and C with B and D, respectively), while at the periphery the cell boundaries showing the desmoplakin-specific fluorescence occasionally lacked the desmoyokin staining (Fig. 6, E and F) .
Distribution of Desmoyokin at Electron Microscopic Level
The ultrathin cryosections of bovine muzzle epidermis were subjected to immunoelectron microscopic observations, in combination with colloidal gold particle-conjugated secondary antibodies. As the first antibody, the monoclonal antibody to desmoplakins (IgG) and the Yo-12086 (IgM) was used (Fig. 7) . At low magnification, both desmoyokin and desmoplakins were reproducibly detected in the desmosomal plaques. Close inspection, however, revealed that with the Yo-12086 the gold particles were distributed unevenly in each desmosomal plaque (Fig. 7 A) , while with the antidesmoplakin antibody they were evenly distributed (Fig. 7 B) . Each plaque was observed as a thick rod, and both ends were heavily labeled by the Yo-12086. These observations strongly suggested that desmoyokin (the epitope site for Yo-12086) was exclusively localized at the periphery of the disk-shaped desmosomal plaque, not at the central portion.
This interpretation was confirmed by the double-labeling experiment (Fig. 7, C and D) . The antidesmoplakin antibody was located by the 15-nm gold particle-conjugated, anti-mouse IgG antibody; the Yo-12086, by the 10-nm gold particle-conjugated anti-mouse IgM antibody. When the same ultrathin cryosection was doubly stained, desmoplakins were observed to be sandwiched by desmoyokins in each plaque. The distribution of each protein partially overlapped.
Discussion
In this study, we have partially purified a high molecular mass protein (desmoyokin, 680 kD in SDS-PAGE) from isolated desmosomes in bovine muzzle epidermal cells. This protein did not bind to keratin filaments in vitro, and its molecule looked like a dumbbell ,o170 nm long. Furthermore, we have succeeded in obtaining one monoclonal antibody specific to this protein. By the use of this monoclonal antibody and antidesmoplakin monoclonal antibody, desmoyokin appeared to be colocalized with desmoplakin at immunofluorescence microscopic level. However, at the electron microscopic level, these two proteins seemed to be sorted out in the plaque of desmosomes: desmoyokin at the periphery and desmoplakin at the center of disk-shaped desmosomal plaque.
Intensive studies during the past decade have clarified that the plaque of desmosomes possesses a rather complicated molecular organization consisting of several distinct proteins: desmoplakin I, desmoplakin II, desmocalmin, desmoplakin III (plakoglobin or band 5 protein), band 6 protein, etc. (3, 7, 10, 13, 19, 28) . Among them, the orientation of desmoplakin molecules in the plaque was well analyzed electron microscopically by the use of several distinct monoclonal antibodies. Although all monoclonal antibodies appeared to label the plaque of desmosomes evenly, the distance of the labels from the membrane differed from monoclonal antibody to antibody (7) . This result indicated that the rod-shaped desmoplakin molecules might be oriented vertical to the membrane in the plaque. In sharp contrast to this orientation of the desmoplakin molecule, the monoclonal antibody (Yo-12086) obtained in this study specifically labeled only the periphery of the plaque of desmosomes. Since the antibody labeling was performed after thin sectioning, the possibility was not likely that the lack of antibody staining at the center of the plaque by Yo-12086 might be due to the antigen masking. The orientation of this molecule will be further clarified when the monoclonal antibodies specific to different epitopes in the desmoyokin molecule are obtained. The difference in the distribution of desmoplakin and desmoyokin seems to imply the distinct roles of these proteins in forming and maintaining desmosomes.
Recently, the polyclonal antibody specific to band 6 protein was obtained, and its distribution was clarified (13); this protein occurred only in the desmosomes of stratified epithelium, not in those of the simple epithelium nor in other tissues. Interestingly, this tissue specificity is almost the same as that of desmoyokin, although at present it is not clear why band 6 protein and desmoyokin are expressed only in the stratified epithelium. In this respect, the difference between the staining patterns of antidesmoplakin and antidesmoyokin in the cultured keratinocytes (FRSK cells) is interesting. At the periphery of each colony, the cell boundaries are intensively stained by antidesmoplakin, but not by antidesmoyokin. Considering that the desmosomes at the periphery appear to be in a dynamic state compared with those at the center of each colony, it is fascinating to speculate that desmoyokin may work as a kind of stabilizer for desmosomes. This speculation seems to be consistent with the distribution of desmoyokin in the plaque of desmosomes; desmoyokin molecules are observed to yoke the desmosomal plaque.
Desmoyokin described in this paper is the first example of a constituent of desmosomal plaques which shows uneven distribution inside the plaque. Further studies of the unidentiffed constituents of the desmosomal plaque will lead us to better understanding of the molecular organization and functions of desmosomes.
